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ABSTRACT

In a heterogeneous system, ferroelectric materials can exhibit negative capacitance (NC) behavior given that the overall capacitance of the
system remains positive. Such NC effects may lead to differential amplification in local potential and can provide an enhanced charge and
capacitance response for the whole system compared to their constituents. Such intriguing implications of NC phenomena have prompted
the design and exploration of many ferroelectric-based electronic devices to not only achieve an improved performance but potentially also
overcome some fundamental limits of standard transistors. However, the microscopic physical origin as well as the true nature of the NC
effect, and direct experimental evidence remain elusive and debatable. To that end, in this article, we provide a comprehensive theoretical
perspective on the current understanding of the underlying physical mechanism of the NC effect in the ferroelectric material. Based upon
the fundamental physics of ferroelectric material, we discuss different assumptions, conditions, and distinct features of the quasi-static NC
effect in the single-domain and multi-domain scenarios. While the quasi-static and hysteresis-free NC effect was initially propounded in the
context of a single-domain scenario, we highlight that similar effects can be observed in multi-domain FEs with soft domain-wall (DW) dis-
placement. Furthermore, to obtain the soft-DW, the gradient energy coefficient of the FE material is required to be higher as well as the fer-
roelectric thickness is required to be lower than some critical values. If those requirements are not met, then the DW becomes hard and
their displacement would lead to hysteretic NC effects, which are adiabatically irreversible. In addition to the quasi-static NC, we discuss dif-
ferent mechanisms that can potentially lead to the transient NC effects. Furthermore, we discuss different existing experimental results by
correlating their distinct features with different types of NC attributes and provide guidelines for new experiments that can potentially
provide new insights on unveiling the real origin of NC phenomena.
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. INTRODUCTION

The notion of negative capacitance (NC) in ferroelectric (FE)
based devices has been intriguing many physicists, scientists, and
engineers for several decades;'~*° not only because of the rich under-
lying physical mechanisms and theoretical explanations associated
with such unconventional effects but also due to its potentially
groundbreaking implications in the design of low power, steep
switching, and aggressively voltage-scalable transistors.”'” The
nature of the negative capacitance effects in ferroelectrics has been a
subject of intense debate.”~"” In particular, different schools of
thought have formed in response to the question of whether or not
the capacitance in ferroelectrics can be intrinsically negative.”"~'” On
one hand, there have been strong proponents of the idea that ferro-
electrics can access their intrinsic negative capacitance paths under
certain conditions.” On the other hand, there have been several

explanations that indicate that the negative capacitance observed in
experiments is either an effective parameter or the result of transient
phenomena."™" Irrespective of which notion turns out to be true,
there is a convergence amongst the researchers that this effect needs
systematic investigation to explore its possible applications in the
design of future electronic systems.

In order to introduce the concept of NC in more detail and to
provide a proper perspective into the nature of NC effects, let us
start from the fundamentals. For a capacitor based on linear dielec-
trics (i.e., metal-insulator-metal or MIM configuration), its capaci-
tance (C) is a measure of how much static charge (Q) it can store
when a voltage (V) is applied between the metal electrodes and is
defined as C=Q/V. From there, the stored electrical energy in a
capacitor can be obtained as U= Q%(2C). To be electrostatically and
thermodynamically stable, the capacitance of a system is required to
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be positive. To understand this, let us hypothetically consider a
system exhibiting negative capacitance. In this case, the energy of
the system can be represented as the U=—Q?%(2|C|). This implies
that an increase in Q would lead to a decrease in its energy. If such
a capaditor is short-circuited, then it would keep building charges
spontaneously in the metal plates to minimize its energy. This
implies that the system can change its internal energy without any
external work, which is a violation of the first law of thermodynam-
ics. Therefore, the electrostatic capacitance of a system must be a
positive quantity to ensure thermodynamic stability.

In a more general scenario, when the capacitor is non-linear,
the definition of the differential capacitance (C) is more appropri-
ate, which relates the differential change in Q (dQ) with respect to
the differential change in V(dV) as C=dQ/dV. While having a
stable negative capacitance (dQ/dV <0) of the system is not physi-
cal, an unstable negative capacitance region is indeed theoretically
possible if that region is bounded by a positive capacitance (dQ/
dV>0) region. Hence, it is no surprise that the appearance of
spontaneous charge (or polarization) in the ferroelectric material
contains the signature of an unstable negative capacitance region,
while the finiteness of the spontaneous charges signifies a positive
capacitance region. Based on a similar rationale, the possibility of
capacitance being negative for ferroelectric (FE) materials was first
anticipated by Landauer’ in 1976.

While the requirement that the capacitance must be positive
for any system as a whole is universal, the capacitance of a part of
the system being negative does not immediately violate any physi-
cal laws. In 2000, Bratkovsky and Levanuuk theoretically pre-
dicted that the effective capacitance of a multi-domain FE can be
negative in the presence of the interfacial dead layer.” In this pio-
neering work, they show that, while the total capacitance of the
system (FE layer + dead layer) remains positive, the domain-wall
displacement leads to an effective negative capacitance in the FE
layer.” Later on, in 2006, the same authors experimentally demon-
strated this effect for a BTO/SRO/STO system by subtracting the
estimated potential drop across the dead layer and revealing the
“real” hysteresis loop in the FE layer signifying the presence of
effective negative capacitance (NC).”

In 2008, Salahuddin and Datta proposed an intriguing
concept for overcoming the fundamental limit in the sub-
threshold swing of a conventional transistor.” They suggested
that the presence of a negative capacitor in the gate stack of a
transistor can provide an amplified internal potential, which can
potentially lead to a lower than 60 mV/decade sub-threshold
swing in the transistor characteristics at room temperature. In
addition, the authors envisioned the utilization of the FE layer as
the possible source of NC and proposed the “capacitance match-
ing” theory for obtaining a hysteresis-free operation with
maximum amplification of the internal potential.”

While the NC effect in FE and its potential application in
designing steep switching transistors (NCFETs) looked intriguing,
the thrust in this area took a major surge with the discovery of fer-
roelectricity in HfO,-based materials,””~” which are highly CMOS
compatible (compared to the conventional perovskite FE). This not
only led to the possibilities of practical realization of steep-slope
transistors  but has also ushered in the proposal for other FE
based devices that utilize the intricate polarization switching
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dynamics™ of the FE materials for memory” ~ and non-Boolean

applications.”™ Interestingly, the underlying physics of the NC
effect is strongly correlated with the fundamental mechanism of
polarization switching in the ferroelectrics. Hence, the NC phe-
nomenon has sparked an immense interest leading to a large body
of work aimed to understand the NC effects in FE based devices
and its dependence on the material and device parameters.

In this paper, we provide an overview of the current theoreti-
cal understanding of the possible origins of NC effects in ferroelec-
trics and present a perspective on the strengths and limitations of
various explanations. We also discuss the relevant experimental
works and provide an outlook for what is needed to further under-
stand these intriguing phenomena. The organization of the paper is
the following. In Sec. II, we discuss the Landau-Ginzburg-
Devonshire formalism of FE materials. In Sec. 111, we discuss the
quasi-static negative capacitance effect in FE for the single-domain
and multi-domain scenario by considering the implications of
elastic interaction and FE thickness scaling. In Sec. I'V, we discuss
another interesting phenomenon that leads to an enhanced (but
positive) effective permittivity in FE materials. In Sec. V, we discuss
the transient NC effect. Then, we analyze some of the relevant
experimental results and their correlation with the different mecha-
nisms of NC effects as well as new experimental methodologies in
Sec. VL. In Sec. VII, we provide a brief perspective on different FE
materials and examine their possibilities for harnessing hysteresis-
free NC effects. Finally, in Sec. VIII, we qualitatively discuss the
implication of different NC mechanism and their influence in
FEFET characteristics. We summarize our discussion in Sec. IX.

Il. FERROELECTRIC CAPACITORS

Microscopically, the ferroelectricity originates from the non-
centrosymmetric crystal structure where the spontaneous displace-
ment of atoms (and the corresponding electron gas and ion core)
leads to a non-zero spontaneous polarization (P). Therefore, the
total spontaneous P in a FE material should be considered as the
combination of jonic and electronic polarization. In the simplest
scenario, where the spontaneous displacement of atoms is uniaxial
(uniaxial FE), the consideration of crystal symmetry provides two
possible spontaneous P states depending on the direction of atomic
displacement [Figs. 1(a) and 1(b)]. Let us assume that the direction
of spontaneous displacement is the + z axis (Pz= P) and the corre-
sponding P states are —P and +P [Figs. 1(a) and 1(b)]. These — P
and + P states correspond to the minimum of the free energy of a
FE unit cell [Fig. 1(c)]. Now, the bi-stability in spontaneous P and
the corresponding two minima in its free energy leads to the for-
mation of a double-well-shaped free energy landscape [Fig. 1(c)],
which can be represented as Landau’s free energy equation [Eq. (1)]
as shown below:

free = 3P+ 3BP* + 7P, (1)

Here, o, B, and y are Landau coefficients, where « is negative
and y must be positive. Such a double-well energy landscape sug-
gests that any reduction in P magnitude from its spontaneous value
should lead to an increase in free energy, where P= 0 corresponds
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FIG. 1. Femoelectric ABOj3 tefragonal unit cells (ie., PbTiOs) showing sponta-
neous afomic displacement fthat comespond fo (a) up polarization
(P=Pz=—Pg) and down polarizaion (P=P;=+Pg). Free energy
(U = [ free.dV) landscape with respect to polarization (P). (d)~(f) Different
atomic configurations in a tetragonal unit cell that corresponds to Pz=0.

to the energy maxima [Fig. 1(c)]. Here, the P=0 state corresponds
to a zero atomic displacement along the z axis, however, may or
may not have a finite displacement along the in-plane directions
[Figs. 1(d)-1(f)]. It is important to note that, even though the
Landau free energy polynomial was originally proposed for a mac-
roscopic polarization, such representation holds true even for a
microscopic scenario (ie., single FE unit cell) as shown in several
first-principle studies.””*

In addition to the free energy, the presence of an out-of-plane
electric field (E) in the FE layer also leads to an energy component
called electrostatic energy. The electrostatic energy density (fiz..)
can be written as f;;,, = —E.P. Furthermore, the presence of spatial
variation in P also leads to an additional energy component,
known as gradient energy. This is because the magnitude of P in
each FE unit cell is correlated to its strain and thus, the spatial var-
iation in P (dP/dx, dP/dy and dP/dz) leads to another energy com-
ponent that depends on the elastic coupling between the unit cells.
This gradient energy density (f.4) can be written as the following
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equation [Eq. (2)]:
forad = 811(OP10%) + g11(OPIDY)” + g14(OP/D2)*. 2

Therefore, the total energy density (fion) in an FE layer can
be written as”**’
Sotal = free + fetec + fyrad
1 1 1
=—aP’ +-pP* +—yP® —E.P
FoP + 4,8 e~

Lo (% 2+ oP 2+ oP\’ &)

& az 8x ax g)" ay ¢
Here, g; is the gradient coefficients along the i=x, y, and z
directions. Now, according to the Landau-Ginzburg-Devonshire

(LGD) theory, the time (¢) dependent Ginzburg Landau (TDGL)
equation (in the Euler-Lagrange form) can be written as™®"”

1_9P(r) 5 PP(r)
E— X aP(r) + BP(r)* + yP(r)’ —gii—5— 32
&P(r) &P(r) @
THuTga STy
Here, I" is the viscosity coefficient and r = (x, y, z). Note

that, Eq. (4) is derived for a uniaxial FE, in which the P direction is
restricted only along the z axis. However, if the FE is multi-axial so
that the P can be directed in all the x, y, and z directions, then all
the P components (as vectors) along with their cross-coupled terms
are required to be considered. While such considerations are
indeed required for multi-axial FE, to keep the discussion of this
paper uncomplicated, we only consider uniaxial FE. In addition,
the FE properties also depend on the mechanical strain in the film.
If such strain is homogeneous along the film thickness, then the
strain contribution can be incorporated within the Landau coeffi-
cients (Ref. 40). We embraced such assumptions and thus the
Landau coefficients in Eq. (4) are strain-dependent.

Furthermore, it is important to note that the total interface
charge density, Q (or out-of-plane displacement field, D) of the
FE layer incorporates both the contribution from spontaneous P
as well as the background out-of-plane linear permittivity ().
Therefore, Q = £, E + P(E). At the same time, the presence of P
variation causes the long-range Coulomb interaction leading to
the in-plane electric fields in the FE layer. The associated energy
with the in-plane electric field further depends on the in-plane
background permittivity (e;" and }*). Therefore, to account for
the associated energy with m-plane and out-of-plane electric
fields in the background permittivity of the FE layer, Eq. (4)
is needed to be solved self-consistently with Poisson’s equation
[Eq. (5)] as shown below:

[ ( ans(r)) 2 ( anS(r)) 2 (E aqs(r))} _oP0)
Ox 8 AN T8z

(5)
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It is important to note that the P direction in FE can be
altered (between —P and +P) by applying an electric field higher
than the coercive field (+ Ec). In this paper, we refer to such a
change in the P direction as P switching. However, an applied elec-
tric field, less than the P switching field, can also change the P
magnitude (without changing its direction), and we use the term
“magnitude response” to refer to this aspect. Now, based on these
discussed sets of equation [Egs. (1)-(5)], let us discuss the possible
mechanism of achieving NC effects in FE materials.

lll. QUASI-STATIC NEGATIVE CAPACITANCE IN
FERROELECTRIC HETEROSTRUCTURES

To stabilize a negative capacitor, a positive capacitor is
required to be connected in series so that the total capacitance of

d g + Q = D = Displacement Field
| | DE Toe| Ve = Charge density at the metal-FE interface
V+l v = Charge density at the metal-DE interface
A )

7 | F = Charge density at the FE-DE interface

z FE _ETFE Vee Q; = Remanent charge of the SD FE
T . 1~ E =Coercive field of the SD FE

CVa= Vet Ve

Q (uCfem?)
h &
U (J/em?) c
A
FE+DE

FE \:
; Ve 0:\4.I\fc
ol
> Q (uCfem?) '
/ i
vi :

Q (uC/em?)

- Q (uCfem?)
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the system remains positive. To explain this, let us consider a het-
erogeneous capacitive system comprising of a linear dielectric (DE)
layer and an FE layer sandwiched between two metal electrodes.
Such a system is a]so called metal-ferroelectric-insulator-metal
(MFIM) stack [Fig. 2(a)]. Let us assume the individual (or sepa-

rately measured) capac;tance of the DE and FE layers are Cpg and
Crg, respectively. If these individual capacitances remain
unchanged in the MFIM stack, then the total capacitance of this
system can be calculated as 1/(1/Cpg + 1/Cgg). However, if the effec-
tive capacitance of the FE layer (Cpggpr<0) is negative, then the
actual (measured) capacitance of the system, Cpppp> 1/(1/Cpg + 1/
Crg), as well as Cgg.pg > Cpg. Such an effect is known as capaci-
tance enhancement effect’ and can be regarded as the signature of
the negative capacitance (NC) effect of the FE layer. On the other
hand, if Cggpg> 1/(1/Cpg+ 1/Crg), but Cre.pe < Cpg, that would

Cie.pe = Total capacitance per unit
of the MFIM stack

Cy¢ = Capacitance of the DE layer
per unit area

Vur = FE-DE interface potential

V¢ = ExT; = Coercive voltage

Q (uC/ecm?) C (uF/cm?)
A A
d  +q e  Coe
CFE-DE
S —
gV (V)
e
1
M s >V, (V
QR; Vc) a (V)
2
Q (uc/em?) B iﬂifcm )
CFE-DE
A: Coe
WV
= )
¥ . — W

FIG. 2. (a) Metal-femoelectric—dielectric-metal (MFIM) or ferroelectric (FE)-dielectric (DE) stack. Here, the FE layer is assumed fo be in a single-domain state.
Considering a low DE thickness (Cpg > min-{dQ/d Ve x Tee) (b) Energy landscape (U-Q) of FE, DE and FE-DE stack, comesponding (c) Q-Vie and loadHine conditions,
(d) Q-Va characteristics, (e) C-Va characteristics, and (f) dVint/dVa characteristics. Considering a higher DE thickness (Cpe < min-jdQ/dVie x Tre) (g) energy landscape
of FE, DE, and FE-DE stack, corresponding (h) Q-Vig and load-line conditions, (i) Q-V, characterisfics, (j) C-Vs characteristics, and (k) dVir/dVy characteristics.
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imply the effective capacitance of the FE layer is higher than its
standalone value (Cpgppr>Cre) but not negative. Therefore,
depending on the extent of enhancement, Crgpg>1/(1/Cpg+1/
Crz) can be observed either (1) due to an enhanced effective FE
capacitance (Crggrr> Crg) or (2) due to the negative effective FE
capacitance (Crgerr< 0). While the latter effect is the so-called NC
effect in FE, the former effect can also play an important role in FE
based device operation (discussed later), and sometimes can be
confused with the NC effect, if not analyzed properly.

Now, let us discuss the NC effect in FE in an MFIM stack.
Depending on whether the FE layer is in a single-domain (SD)
state or multi-domain (MD) state, the implication of the NC effect
and the corresponding conditions to stabilize them are quite dis-
tinct. Therefore, in Sec. 111 A, we first discuss the stabilization of
the NC effect in SD FE.

A. Negative capacitance effect in single-Domain FE

To impose the condition that the FE layer is in a single-domain
(SD) state, let us assume that the gradient energy coefficient is infi-
nite (g,, = g,, — ). That implies that a non-zero spatial variation
in P would lead to infinite gradient energy. Therefore, to minimize
the energy, the P in the FE layer is restricted to be homogeneous
(dP/dx = dP/dz = dP/dz = 0). In this hypothetical SD FE, the average
polarization in FE is equal to its microscopic P and the free energy
(U) landscape is as same as the microscopic free energy landscape
(ffree) with respect to P. Similarly, by imposing dP/dx = dP/dz= dP/
dz=0is Eq. (4), the P vs E relation can be written as E—(1/T") (dP/
of) =aP + BP* +yP°.

Now, considering a static scenario (dP/dt = 0), one can imme-
diately see the presence of a region in its P-E characteristics that
exhibit dP/dVig < 0 as well as the dQ/d Vg <0 region [see Fig. 2(b)].
Such a NC region (sometimes, referred to as the intrinsic negative
capacitance region of FE”') is indeed unstable in a standalone
MEFM capacitor and, therefore, the corresponding charge response
would be hysteretic. However, the NC region can potentially be
stabilized in an MFIM stack [Fig. 2(a)]. The Q vs applied voltage
(V) response of such a MFIM stack can be understood from the
load line picture [shown in Fig. 2(c)] by considering the Q—Vgg
response of an FE layer with a thickness of Tpr and Q—Vpg
response of the DE layer. That suggests, if Cpg>min—|dQ/
d Vg XT g, then the NC region is unstable, and the corresponding
Q-V,; characteristics of the MFIM stack exhibits hysteresis [Fig. 2(d)].
However, the NC region can, in principle, be stabilized, if the DE
capacitance Cpg < min—|dQ/dVig|xTgg, and for that the correspond-
ing Q—V,4 characteristics become non-hysteretic’ [Figs. 2(g)-2(i)]. In
this case, the total capacitance of the MFIM stack, Cre.pe> Cpg
since Cpgerr<0 [Fig. 2(j)]. Consequently, the differential
change in the FE-DE interface potential (Vyyr) with respect
to applied voltage (V,) shows an amplified characteristic,
dVinddVa = [1+ Cpgpe/Cpel ~'> 1 [Fig. 2(K)].

Now, to get a physical perspective of these phenomena, let us
consider the implication of depolarization electric field in FE. In an
FE material with finite thickness, the spontaneous P induced
bound charge appears at its interface. If these bound charges are
not compensated, then it should exert an electric-field which is
opposite to the direction of P and hence called depolarization field.
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Such a depolarization field causes an increase in the electrostatic
energy in the FE layer called depolarization energy. However, in a
metal-FE-metal (MFM) configuration with ideal metal electrodes,
the metal can provide the compensating charge for the spontane-
ous P induced bound charge without any additional energy.
Therefore, in an ideal scenario, the spontaneous P state (that corre-
sponds to the minimum of the free energy) is stabilized in an
MFM configuration and the P switching are hysteretic. However, in
the MFIM stack, due to the presence of the DE layer in between
the FE and metal layer, the P induced bound charge cannot be
compensated immediately at its interface. Rather, the bound charge
will produce an electric field in the DE layer and that electric field
will eventually get compensated in the metal-DE interface.
However, the electric field in the DE layer gives rise to a potential
drop across the DE thickness. Considering the short-circuited sce-
nario (or applied voltage, V4=0V), an equal and opposite poten-
tial should appear across the FE thickness (Vyg=—Vpg) and that
will lead to a depolarization field in the FE layer. In such a sce-
nario, the depolarization field will lead to non-zero depolarization
energy (—E.P). That would further lead to a reduction in the P
magnitude leading to an increase in free energy and a decrease in
depolarization energy so that the total energy of the system is
minimized. In short, in the SD scenario, the depolarization field
leads to an increase in free energy by homogeneously reducing
the P magnitude [Fig. 2(c)]. However, if the DE layer is suffi-
ciently thick (small Cpg), the depolarization field can be so high
that the system prefers to climb the entire free energy barrier,
fully suppressing the spontaneous P (P =0). In this scenario, the
minimum energy configuration of the system is obtained by max-
imizing the free energy of the FE layer so that the depolarization
energy of the FE and electrostatic energy of the DE layers is mini-
mized. Therefore, at V=0V, Q=0 (as P=0), V=0 (zero
depolarization energy in FE), and Vpr=0 (zero electrostatic
energy in the DE). In other words, a significant amount of
energy remains stored in the FE layer for obtaining the minimum
energy configuration of the system.

Now, if a non-zero voltage is applied across the MFIM stack
(|Va] >0), it should lead to an increase in the charge density (Q) of
the metal plates as well as the P magnitude of the FE layer. This
results in a positive capacitance of the whole stack (dQ/dV, > 0) as
well as the positive susceptibility of the FE layer with respect to the
external voltage (dP/dV, > 0). Interestingly, an increase in P magni-
tude (from P=0) implies a decrease in its free energy because of
the double-well shaped free energy landscape of FE [Fig. 2(g)]. At
the same time, the depolarization energy (—E.P) increases. However,
within a certain region, the decrease in free energy is more com-
pared to the increase in depolarization energy and thus, the total FE
energy decreases with the increase in P magnitude. Therefore, the
total energy in the DE layer is equal to the energy supplied by the
external voltage source plus the decreased energy in the FE layer. In
other words, the transfer of the energy from the FE layer to the DE
layer leads to the enhanced energy of the DE beyond the energy
supplied from the source. As a result, for the same V), the DE layer
in MFIM can experience a higher displacement field compared to
the situation when it is a stand-alone entity. A higher displacement
field in the DE layer translates to a higher Vpe (>V,) and
that further leads to the differential amplification of Viyr
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(dVint/dVy > 1). Similardy, the charge response (dQ/dV,), which is
the capacitance of the whole stack, increases beyond the value of the
capacitance of the DE layer (Cpepe>Cpg). Such capacitance
enhancement as well as the amplification of Vyyp which are the fea-
tures of NC effect in FE, should take place within a specific opera-
tional region within which d*U/dQ” <0 so that total FE energy can
decrease (decrease in free energy dominates over the increase in
depolarization energy) with the change in Q.

Now, the condition for non-hysteretic operation can be under-
stood from the perspective of the transfer of energy between FE
and DE. For the hysteresis free operation, this energy transfer is
required to be adiabatic. Such a condition is satisfied, if for a differ-
ential change in Q (dQ), the decrease in FE energy (dU) is less
than the required energy of the DE layer to induce a similar charge.
The differential change in energy of a capacitor can be written as
dU=Qx (1/C) x dQ. From that, we can obtain the condition for
obtaining non-hysteretic and quasi-static NC effect for FE in an
MFIM stack to be U]CFE,.EFFI < 1/Cpgor Cpg< 1CFEE.FF|

So far, our discussion was based on the assumption that the
polarization in the FE layer is homogeneous across its thickness
and area. However, in reality, the polarization can spatially vary
both along with its thickness and in-plane directions because the
gradient energy coefficient is indeed finite. Moreover, in the pres-
ence of the depolarization field, the formation of a multi-domain
state in the FE layer is a likely possibility’ > and such a multi-
domain structure has a very important implication from the per-
spective of negative capacitance.” To analyze that, next, we
discuss the multi-domain formation in the MFIM stack and the
corresponding NC effect in the multi-domain FE layer.

B. Negative capacitance effect in multi-domain FEs

Recall that in MFIM stack with the single-domain FE, the
partial compensation of depolarization energy takes place by reducing
the P magnitude and thus at the cost of the free energy [Fig. 3(a)].

Single-domain (SD) State
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However, for finite gradient energy coefficient (g), the ferroelectric
has one more option to decrease the overall energy, i.e., break into
multiple domains with opposite P directions. Indeed, in such a
multi-domain (MD) state of the ferroelectric, the depolarization
energy, as well as the increase in free energy, can be significantly
suppressed [Fig. 3(b)]. In this scenario, the P induced bound
charges at the FE-DE interface not only give rise to out-of-plane
electric fields but also produce in-plane electric fields, called stray
fields [Fig. 3(b)]. As the bound charges are partially getting compen-
sated by the interfacial stray-field, it further reduces the constraint
for the out-of-plane electric field in the FE and DE layers, leading to
a lower depolarization field compared to the single-domain state.
Consequently, this reduces the requirement for the increase of the
local P magnitude, which reduces the free energy compared to the
single-domain state. In other words, the MD state can suppress
depolarization energy as well as free energy.

However, this suppression of free energy and depolarization
energy takes place at the cost of some additional energy associated
with the formation of domain-wall (the boundary between the
domains with opposite P directions). One component of domain-
wall (DW) energy is the electrostatic energy associated with the
interfacial stray field, and the other component is the gradient
energy linked with the variation in P at the DW. As the formation
of the MD state occurs as an interplay among competing energy
components to obtain the minimum energy of the whole system, it
is no wonder that the configuration of the MD state is strongly
dependent on the DW energy. In Ref. 27, it has been shown that,
depending on the DW energy, the types of DW can be either
“hard” or “soft”. Here, the term “hard” implies that the change in P
direction is abrupt at the DW, and thus, the physical thickness of
the DW is atomically thin [Figs. 4(b) and 4(c)]. In contrast, in
“soft” DW, the change in P direction takes place by gradually
changing its magnitude over the length scale of several unit cells
[Figs. 4(d) and 4(e)]. In an FE with a certain thickness, the DW
can be hard for small “g” and soft for a larger “g.” The nature of

PE Multi-domain (MD) State

FIG. 3. MFIM stack with the FE layer in (a) single-domain (SD) state and (b) multi-domain (MD) state. In the SD state, minimum energy is obtained at cost of a significant
increase in free energy by suppressing the local P magnitude. In the MD state, minimum energy is obtained in a cost of domain-wall (DW) energy where the average P

decreases rather than local P
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the change in P direction takes place with a gradual change in P magnifude.

the DW (hard or soft) plays an important role in the P switching
characteristics of the FE layer. Before going to the discussion of P
switching, it is noteworthy that in the MD state, Q, U, Vg, and
Vpe represent the average quantities. This is because of the
spatial varying P in the MD state, which further leads to non-
homogeneous potential, electric-field, and energy density profiles
in the FE and DE layer.

Note that the DW energy (total of this gradient energy and
the electrostatic energy) gives rise to higher local energy near the
DW compared to the rest of the film. In hard-DW, this local DW
energy density is lower than the maximum of the free energy
barrier. Interestingly, in the MD state with hard-DW, Q=0 state
can be obtained with multiple equal size domains with opposite P
directions. Consequently, the average energy (U) increases (due to
the DW energy) but remains significantly lower compared to the
SD scenario [Fig. 5(a)]. This is because in the SD state, Q=0 can
only be achieved by maximizing the free energy (local P=0).
While in the MD state, P is not required to be locally zero and can
eventually remain close to its spontaneous value for which free
energy is low. Furthermore, within the limit of MD state with
hard-DW, Q=0 can be obtained with different domain periods
[Fig. 5(a)]. As the average energy density (U) depends on the DW
energy which further depends on the number on DWs, the
maximum U that corresponds to Q=0 is not unique [Fig. 5(a)].
Moreover, the domain period even depends on the physical thick-
ness of the DE layer (i.e., the domain pattern becomes denser with
the increase in DE and decrease in FE thickness). As a result, the
average energy landscape (U-Q) of MD FE with hard-DW in the
MEFIM stack is not unique [Fig. 5(a)], which is a very distinct
feature of the MD state compared to the SD state.

Since the local DW energy density in hard-DW is lower than
the maximum of the free energy barrier, therefore, an additional
energy is required to initiate the DW displacement. In other words,
to obtain P switching for DW displacement, a voltage greater than
a critical voltage must be applied to surpass the free energy barrier.
As a result, the P switching characteristics in MD FE with

hard-DW displacement are hysteretic [Fig. 5(b)]. This implies that
once the DW is displaced due to a certain Vj larger than a positive
critical value, a reverse DW displacement will not occur just by
reducing the V4 to zero. For that, V, is required to be lower than
another negative critical value. Furthermore, the DW displacement
takes place in a discrete fashion (lattice by lattice) and each of these
displacements corresponds to the overcoming of a local energy
barrier. Such local barriers, as well as local minima, manifest in the
average energy landscape of FE [Fig. 5(a)—yellow line]. Note that,
different MD configurations with different average Q states corre-
sponding to these local minimums can be stabilized at V,=0V.
Therefore, Q-V,, characteristics with hard-DW scenario are hyster-
etic and show a signature of partial P switching with different
remanent charges [Fig. 5(b)].

Now let us turn our attention to MD FE with soft-DW. Note
that the local DW energy density in the soft-DW is higher com-
pared to the hard-DW due to higher “g” in the former. In fact, if
the nature of DW is substantially soft, the local energy density in
the DW becomes comparable to the maximum of the free energy
density. In this case, an infinitesimally small differential increase
in V4 would lead to the DW displacement. Furthermore, when
V, returns to zero, the DW displacement would seamlessly take
place in the reverse direction and the FE will return to its equilib-
rium domain configuration. Therefore, the soft-DW displace-
ment leads to adiabatically reversible P switching. Moreover, the
P configuration in MD FE with soft-DW is unique and that leads
to a unique average energy landscape [Fig. 5(d)]. As a result, the
P switching as well as the corresponding Q—V, characteristics
are non-hysteretic [Fig. 5(e)].

It is remarkable that the DW displacement-based P switching
in FE leads to an effective NC path in the Q— Vg characteristics in
the MFIM stack, irrespective of the type of DW in FE. To under-
stand that, first note that the electric-field in the FE layer is depo-
larizing due to the presence of the DE layer. This implies that in
each of the domains, the local electric field is opposite to its P
direction. Macroscopically, the DW displacement causes a change

J. Appl. Phys. 129, 080901 (2021); doi: 10.1063/5.0038971
Published under license by AIP Publishing.

129, 080901-7



Journal of

Applie d Physics PERSPECTIVE scitation.org/journalfjap
U (J/cm?) d U (J/cm?)
A — MD (hard-DW) A —MD (Soft-DW) g
---SD -=-SD

FIG. 5. Considering multi-domain FE with hard-DW (low DW energy) in MFIM stack: (a) energy landscape of FE where the shaded regions
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signify the possiblities of dif-

ferent mulfi-domain configurations with different average energy (U) for the same average charge density (Q), where U=(1/A) [ (fzes + frag)dV and A is the in-plane
surface area of the FE fim. The yellow line displays the presence of local minima and barriers associated with hard-DW displacement for achieving different average
Q. Comesponding (b) Q-Vj characteristics and (c) Q-V characteristics for a certain FE and DE thickness signifying partial polarization switching (minor loops—as differ-
ent MD states with different Q can be stabilized at the same Vj) and hysterefic NC effect in FE. Here the zigzag nature of the P switching path comesponds fo the yellow
line in (a). Considering multi-domain FE with soft-DW (high DW energy) in the MFIM stack: (a) energy landscape of FE which is unique for a certain FE thickness signify-
ing a unique MD configuration. Comesponding (b) Q-Vs characterisiics and Q-V, characteristics display non-hysteretic NC behavior. (g) Polarization and electric field
profile in the MFIM stack for different V, illustraing a generic scenario of DW displacement base P switching in FE and the macroscopic mechanism of NC effect as an
outcome of increasing average P with an increasing depolarization field (opposite to the P direction).

in average polarization which further leads to an increase in the
depolarizing field [Fig. 5(g)]. Such a depolarization field dominates
the total field in the FE layer. As the increase in average polariza-
tion takes place simultaneously with the increase in depolarization
field (which is opposite to the polarization direction), the effective
capacitance of the FE layer becomes negative."**” Note that
such a description of the FE NC effect does not require the concept
of local P to be zero or the local free energy to be maximum.

Moreover, the displacement of a hard DW implies a sharp change
in the P direction (due to lattice by lattice P switching). Therefore,
the local P switching is not adiabatic and thus observed NC effect
in Q- Vg characteristics exhibits hysteresis. However, in the case of
soft-DW displacement, the change in local P direction takes place
by gradually changing its magnitude. Therefore, the local P switch-
ing for soft-DW displacement is adiabatic, which leads to the non-
hysteretic NC effect. To get a dearer picture of the NC effect under
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FIG. 6. Self-consistent simulation results of Eqgs. (4) and (5) for an MFIM stack that includes MD FE with soft-DW. (a) Polarization profile signifying soft-DW displacement-
based P swifching and comesponding (b) potential profie and electric field profile in the FE and DE layers. The potential profile signifies non-homogeneous inferface poten-
fial. The electric field profiles display the redistribution of the interfacial stray field due to DW displacement.

soft-DW displacement, in addition to the macroscopic features
(increasing average P with increasing depolarization field), it is impor-
tant to capture the microscopic phenomena (Fig. 6). Microscopically,
the soft-DW displacements (i) redistribute the interfacial stray fields
and (ii) decrease the DW energy resulting in a negative net contri-
bution to the total FE energy.” ™" This leads to a local effective neg-
ative capacitance within the FE layer'>***>"” primarily near the FE-
DE interface [due to the stray field redistribution, see Fig. 6(b)] and
the DW (due to decrease in DW energy).

Furthermore, it is important to note that, even though the
effective NC path (negative dQ/Vge region) of MD FE with
soft-DW is non-hysteretic, it is quite different from the SD NC
path [Fig. 5(f)]. In fact, the MD NC effect is lower compared to SD
FE [Fig. 5(f)]. This is because the average energy in the MD state is
lower compared to the SD state [Fig. 5(d)]. Thus, the reduction in
energy (dU) for the same change in charge density (dQ) will be
higher in SD FE compared to MD FE. Therefore, 1/|C3p gpp| >

1/|Cliirr| (Note: a higher NC effect implies a larger 1/|C gz )-
Moreover, it is noteworthy that the MD NC path depends on the
permittivity of the DE layer because of the dependency of electro-
static DW energy (due to stray field) on the in-plane permittivity
of the DE layer. It has been shown that the FE NC effect enhances
for the lower in-plane permittivity of the DE layer. This provides
an interesting distinction between the MD NC and SD NC phe-
nomena. However, within the soft-DW limit, the MD NC path
should not depend on the physical thickness of the DE layer as
long as the DE thickness is sufficient enough to accommodate the
interfacial stray fields.

Now, let us discuss the capacitance enhancement effect in the
MFIM stack for MD NC. As the NC effect with soft-DW is non-
hysteretic, a conventional C-V measurement will inevitably reveal
an enhanced capacitance of the MFIM stack compared to its DE
counterpart (Cgg.pg> Cpg). However, due to the involvement of
hysteresis associated with the hard-DW displacement, the situation
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becomes somewhat non-trivial as the NC effect is not seamlessly
reversible. In a small signal C-V measurement, if the peak-to-peak
value of the applied small-signal voltage (Vpp) is not sufficient to
surpass the local barrier to induce the DW displacement, then the
NC effect may not be observed. However, if Vpp is sufficiently
high to induce the DW displacement, then it may be possible to
observe NC effect and hence, the C-V measurement should signify
Cre-pe> Cpe.

Now, recall that the internal potential (Viyr) is homogeneous
for SD FE which exhibits a differential amplification (dVpy/
dV, > 0) due to the SD NC effect. However, in the case of MD FE,
Vinr is non-homogeneous and it spatially varies by following the
polarization profile in the FE layer.”®"’ Moreover, Vyr exhibits
spatially local maxima and minima corresponding to +P and —P
domains, respectively. Nevertheless, the MD NC effect provides a
differential amplification to the average Vjy, but the extent of
amplification is spatially non-homogeneous.”” This is another
important distinction between the SD NC and MD NC effects.

C. Correlation between FE thickness and NC effect

So far, we have discussed the possibilities of different types of
NC effect (SD-NC, MD-NC with soft and hard-DW) in FE
depending on the value of gradient coefficients signifying the

DE

LFE

=+

Domain width (W) decreases

T, decreasing (FE thickness scaling)

’%N
W
=

MD: Hard-DW
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importance of having a higher “g” for obtaining non-hysteretic NC
effect via SD-NC or MD-NC with soft-DW. However, since “g” is a
material parameter, it may be challenging to tune it with device
optimization to meet the design requirements. (This needs further
investigation, e.g., by analyzing the effect of strain via metal con-
tacts on g, which might provide a design knob to control g, albeit
only to a certain extent). Therefore, a relevant question to ask is if
the nature of the DWs can be controlled by a device design param-
eter. To that end, the utilization of an interesting correlation
between the physical thickness and the MD state in the FE layer
has been proposed in Refs. 27 and 28.

According to the Landau-Kittle formula™’ (W oc /Tgz), the
domain width (W) in an isolated FE slab (in MD state with 180°
DW) is proportional to the square-root of the FE thickness (Tg).
Therefore, with the decrease in physical thickness, the domain
pattern in the FE layer becomes denser [Figs. 7(a) and 7(b)]. Based
on a more extensive simulation for FE-DE stack, a similar correla-
tion was obtained in Refs. 26-28 [Fig. 7(c)]. With the scaling of FE
thickness, as the domain pattern becomes denser, the type of DW
makes a transition from hard to soft type’™"" and by scaling Tr
further the SD state can potentially be stabilized [Figs. 7(b)-7(d)].
However, such critical Tgg for the (i) hard-DW to soft-DW transi-
tion (Trgmp-sof) and as well as MD state to SD state transition
(Trgsp) depends on the value of gradient coefficient (g). In Ref. 27,
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FIG. 7. (a) MFIM stack, (b) MD polarization configuration signifies that the domain density increases and the type of DW make a transition from hard fo soft with the
decrease in FE thickness. (c) Dependency between the domain density and FE thickness signifying that stability of (i) MD state with hard-DW for Tre> Tre up-son (i) MD
state with soft DW for Tresp < Tre < Tremp.sor and (i) SD state for T sp> Tr (d) The conditions for MD states with hard/soft-DW and SD states for different g and
Tre. Here, the shaded region comesponds fo FE thickness less than a unit cell, which is not physically realizable. (e) The energy density per unit FE thickness (U/Te) for
different Tee. (f) Q-Ere (Epe= Ve Tee) characteristics for different T suggesting that the NC effect enhances with the decrease in FE thickness.
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Saha ef al. showed that the smaller “g” leads to a decrease in criti-
cal Trg (Trgsp and Trg pp.sofr) as shown in Fig. 7(d). If “g” is so
small that the critical Tz becomes smaller than the thickness of
an FE unit cell, then the FE layer may not be physically realizable.
Therefore, for obtaining the non-hysteretic NC effect in FE, while
FE thickness scaling is the key; however, at the same time, choos-
ing an FE material with a considerably high gradient energy coef-
ficients is an important design consideration. We will come back
to this aspect in Sec. VIL.

Provided that “g” is sufficiently large for achieving the MD
state with soft-DW at a physically realizable T, there further
exists an interesting correlation between the effective permittiv-
ity [eff-£F = Tppx(dQ/d Vig)] of the FE layer and the FE thick-
ness. In Ref. 27, the author shows that the MD NC effect
enhances (1/eff—£fE increases) and moves toward the SD NC
path with the decrease in Tyy [Fig 7(f)]. This is because, as the
domain density in FE increases with Ty scaling, the contribu-
tion of DW energy in the total FE energy increases. Therefore,
the energy landscape of MD FE makes a gradual transition
toward the energy landscape of SD FE with the decrease in Tgg
[Fig. 7(e)]. As a result, the MD NC effect changes toward the SD
NC effect with Trg scaling,

It is important to note that the DW displacement is essential
to obtain the NC effect in MD FE. However, there is another inter-
esting phenomenon specific to hard-DW and in the absence of
their displacement, which may be mistaken for non-hysteretic NC
effect and therefore, is important to discuss here. This phenome-
non occurs if the applied voltage is not sufficient to switch the P
direction (so, no DW displacement). In this case, the Q—V), charac-
teristics reflect the response of background permittivity of FE and
the change in P magnitude (but not the direction) to the applied
voltage and therefore, are non-hysteretic. At the same time, the
effective permittivity of the FE layer shows an enhancement com-
pared to its intrinsic value.”” However, this permittivity enhance-
ment cannot be due to the NC effect (as no P switching occurs),
but rather is an electrostatic-driven phenomenon due to the MD
state. In other words, the FE permittivity can enhance in the
absence of DW displacement but remains positive which we will
now discuss.

IV. ENHANCED BUT POSITIVE EFFECTIVE
PERMITTIVITY OF FE IN THE MD STATE

Let us consider an MFIM stack [Fig. 8(a)] in which the FE
layer is in the MD state with hard-DW and applied voltage (V) is
insignificant to induce a change in the P direction (no DW dis-
placement) [Figs. 8(b)-8(d)]. In such a scenario, the magnitude
response of the local P with respect to the applied electric field and
the associated redistribution of in-plane fringing fields in the FE
layer (near the DW) is important to consider. In Ref. 28, the authors
show that an applied voltage induced change in P magnitude leads
to a conversion from in-plane to the out-of-plane electric field
[Figs. 8(¢)-8(g)]. Such a transformation of the electric-field direction
leads to an additional charge in the FE-DE interface [Fig. 8(h)].
In other words, the stored electrostatic energy in the form of an
in-plane electric field in MD FE gets transformed to and hence, pro-
vides a boost to the energy associated with the out-of-plane

PERSPECTIVE scitation.org/journalfjap

displacement field [Figs. 8(¢)-8(h)]. This leads to an increase in the
charges on the metal electrode (those due to initial out-of-plane
fields plus those by virtue of the transformed fields) and hence pro-
vides an enhancement in the effective permittivity of the FE layer.

Furthermore, this positive effective permittivity of FE (¥ > 0)
is a function of its physical thickness [Fig. 8(i)]. This is because, (i)
the in-plane stray fields (transformed to the out of plane fields on
the application of voltage) and therefore, the associated additional
charge at the FE-DE interface, appears near the DW and (ii) the
domain density, as well as the DW density, increases with the
decrease in FE thickness (as discussed before in Sec. III C).
Therefore, the density of this additional charge increases with Ty
scaling. Consequently, £¥ increases with the decrease in Tge
[Fig. 8(i)]. Also, it is noteworthy that this enhancement in the
effective permittivity of MD FE** is beyond the scope of the previ-
ous analytical equations”*”° that capture the contribution of DW
displacement. This is because in that formulation the magnitude
response of P was neglected and the DW contribution was calcu-
lated based on their non-zero displacement. On the contrary, in
Ref. 28, the enhanced effective permittivity is captured by self-
consistently considering the finite magnitude response P along
with the Tre-dependent MD configurations.

So far, we have discussed various possible mechanisms for the
quasi-static NC effect where the FE NC region is stabilized in
MFIM stacks, which further leads to quasi-static enhancement in
capacitance. Now, to complete the picture, let us briefly turn our
attention to yet another phenomenon which leads to the NC
behavior in FE due to the transient effects.

V. TRANSIENT NEGATIVE CAPACITANCE EFFECT

The transient NC effect was first demonstrated by Khan et al.
in a series-connected network of a resistor (R) and FE capacitor'~
as shown in Fig. 9(a). They showed that when a positive voltage
pulse was applied in an R-FE network [Fig. 9(b)], in the way of
charging the FE capacitor (dQ > 0), the voltage drop across the FE
capacitor decreases (dVyg<0) for a short time period [Fig. 9(b)].
According to the single-domain LK model, the FE capacitor can be
modeled as a series-connected constant resistor (Rgg) and a capaci-
tor (Cgg) [Fig. 9(c)], where Cgg exhibits an intrinsic NC region
[Fig. 9(d)]. In Ref 12, the authors argued that the observed
decreasing FE voltage while charging the FE capacitor (dQ/
dVre<0) can be understood as the signature of the intrinsic SD
NC path of the FE layer. However, alternate explanations exist in
the literature.''>'"" The work in Ref. 19 showed that such dqQ/
dVie< 0 can be described by the intrinsic delay associated with the
P switching in the FE. In this work, the FE capacitor has been con-
sidered as a positive non-linear capacitor (Cpg>0, which is
described by the Miller model'*) connected in series with a resistor
(Rpg=t/Cpg) that captures the delay (r) associated with the
domain nucleation and their subsequent growth. When the voltage
pulse is applied at the R-FE network, the initial Cgg is small and
Ry is large. Thus, Vg becomes larger than Vg due to the poten-
tial drop across Rgg [Fig. 9(e)], which can be regarded as “voltage
overshoot”. Near the coercive voltage, when P switching initiates,
Cre experiences a substantial increase yielding a large decrease in
Rgg. As a result, the potential drop across Rge decreases leading to
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an overall decrease in Vi [Fig. 9(¢)—snapback]. As a result, a
larger current is obtained by enhancing the potential drop across
the external resistor (Vg= V4—Vgg) to support the charging of
large Crg. In such a situation, Vg is still increasing and hence,
Cpr =dQ/dVege > 0. Hence, during the charging/discharging of the
FE capacitor, a negative dQ/dVyz may appear as an artifact of Vig
overshoot and its subsequent snap-back.” Furthermore, this
paper'” compares different trends by considering both the SD NC
and apparent NC and provides guidelines to reveal the true origin
of the transient NC effect. Similarly, the transient NC phenomenon
has been analyzed in Refs. 14 and 17 based on the traditional
domain switching model of the Kolmogorov-Avrami-Ishibashi
(KAI) formalism, which explains the P switching in FE based on
the nucleation and growth of reverse domains. According to their
analysis,'” the decreasing voltage could be described by the mis-
match between the influx of charge flow and its consumption by
the reverse domain formation in the FE capacitor.

It is noteworthy that the quasi-static and transient NC effects,
although related, may involve different physical mechanisms and

therefore, the observation of one may not directly prove the exis-
tence of the other. As the focus of this paper is the quasi-static NC
effect (which is directly related to NC-based device applications),
we now discuss some of the experimental results on the NC effect
and their correlation with the different types of mechanisms we
have discussed so far.

V1. EXPERIMENTAL EVIDENCE OF NC EFFECT

The capacitance enhancement in FE-DE heterostructures, as a
signature of NC effect in FE, has been first demonstrated by Khan
et al. using PbZr,,Tip 305 as the FE and SrTiO; as the DE layer.9
Beyond a critical temperature, the authors show that Cre.pe > Cpg,
which can be considered as an indication of negative effective Cgg
in the heterostructure.” Later, in 2014, Gao et al. demonstrated a
similar effect'’ in FE-DE superlattice systems with LaAlO; as the
DE material and BagSry>TiO5 as the FE materials. In both of the
works,”'! the SD picture of the NC effect has been implicitly
adopted to justify the experimentally observed phenomena. However,
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FIG. 9. (a) Schematic of a series-connected resistor (R) and ferroelectric
(FE) capacitor network. (b) Transient response of the voltage across the FE
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(Cre). Q-Vie and Q-Vere characteristics based on (d) Landau-Khalamnikov
model suggesting that the negafive dQ/dVi: originates from intrinsically negative
Cre and (e) Miller model suggesfing that negafive dQ/dViz may originate even
with a positive Cre

due to the absence of completely non-hysteretic C-V characteristics,
the MD NC with hard-DW displacement can be regarded as a more
reasonable mechanism. In 2016, P. Zubko ef al demonstrated a
similar capacitance enhancement effect'’ in an FE-DE superlattice
(Pby 581, sTi05-SrRu0,) system for a wide range of temperatures and
for the first time, such effect has been attributed to the MD NC
effects in FE." Furthermore, in 2019, more extensive experimental
measurements on PbTiOs/SrTiO; superattice, Yadav ef al mapped
out the local effective permittivity of the FE layer signifying the pres-
ence of local negative effective permittivity near the FE-DE interface
and DW.” Therefore, the presence of MD NC in perovskite FE can
be regarded as a well-demonstrated concept. However, further investi-
gation is required to justify whether the DWs are soft or not. To that
effect, an experimental demonstration of non-hysteretic Q-V charac-
teristics is yet to be demonstrated.

Recently, the NC effect in fluorite FE has been investigated by
Hoffman et al by considering an FE-DE heterostructure with
Hfy 571450, as the FE and Ta,Os as the DE layers.” Based on the
applied voltage-pulse modulated charging of the FE-DE stack, the
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authors traced out an S-shaped Q-Vpg characteristics of the FE
layer. In this work,” the author assumed that the depolarization
field in the FE layer, which would appear due to the presence of
the DE layer, is suppressed because of the presence of polarization
compensating trap charges at the FE-DE interface. Based on this
assumption, they argued that the FE layer is stabilized in the SD
state rather than creating MD states. Therefore, according to the
author, the experimentally observed S-shaped Q—Vgy characteris-
tics is a direct representation of the SD NC path which was also
argued to be non-hysteretic. However, based on the same experi-
mental data, Kittl et al. have shown that the actual trajectories of
these Q—V characteristics exhibit hysteretic characteristics when
both charging and discharging paths are considered.”” As we have
already discussed that the hysteretic NC path is a feature of P
switching in MD FE with hard-DW, therefore, the experimental
result in Ref. 51 is neither a validation of hysteresis free SD NC
path, nor a representation of the true nature of the Landau’s
double-well free-energy landscape in FE HfO,. While the presence
of quasi-static NC effect (with or without hysteresis) is an indica-
tion of having a double-well energy landscape, a direct experimen-
tal evidence of SD NC effect is yet to be demonstrated.

Furthermore, as both the MD NC with soft-DW and SD NC
is expected to be hysteresis free and exhibit similar macroscopic
NC attributes, therefore, a direct experimental demonstration of SD
NC requires to be focused on their microscopic distinction with
MD NC. One of the possible mechanisms could be STEM imaging
of the atomic configuration (similar to Ref. 25) in the FE layer to
discard the presence of domain-walls or multi-domain states. Such
an approach is certainly applicable for the perovskite FE material
because of their detectable DW™ either by visualizing the different
orientations in atomic displacement in different domains or by
identifying the misfit strain near the DW. Note that in perovskites
(ABOj; crystals), both B and O atoms are spontaneously displaced,
and the position of B atoms is generally detectable in STEM image.
However, for FE HfO, where oxygens are the only atoms that are
spontaneously displaced, access to similar features is challenging.
This is because of the negligible misfit strain near the DW and the
very limited detectability of the position of oxygen atoms for their
small atomic size. As a result, microscopic evidence of SD NC in
HfO, needs further experimental investigation. However, such chal-
lenges can possibly be overcome by considering the polarization-
strain correlation in FE materials. Note the unit cell size of FE
HfO, can be determined from the STEM image and from there the
change in cell size (strain) in response to applied voltage can also
be detectable. In FE materials, out-of-plain strain (£33) is propor-
tional to the square of its out-of-plane polarization (P). Therefore,
a typical MFM capacitor exhibits a hysteretic butterfly-shaped
strain-voltage relationship [Fig. 10(b)] by following the hysteretic
polarization-voltage characteristics [Fig. 10(a)].

However, if an FE unit cell is stabilized at the P=0 of the
S-shaped path [in Fig. 10(a)] then the corresponding strain of that
FE unit cell would follow the U-shaped curve [in Fig. 10(b)]. Now,
in the MFIM stack, if the FE layer is in the SD NC state then at
Va=0V, the polarization is stabilized homogeneously at P=0.
Therefore, a small change in V), irrespective of increase or decrease
(from V,=0), would lead to an increase in strain (due to U-shaped
FE strain characteristic) homogeneously across the entire FE layer
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FIG. 10. (a) polarization vs voltage characteristics of the MFM capadtor
showing hysteretic characteristics (blue line). The green line represents the
unstable NC region. Corresponding (b) FE strain (e33) vs applied voltage
characteristics of the MFM capacitor (blue line). The U-shaped dashed line
corresponds fo the S-shaped region in (a), which is unstable in the MFM
capacifor. However, if the S-shaped region in P-Viee characteristics is stabi-
lized in MFIM, then the U-shaped characteristics can also be obtained for
ey-V, characteristics. (c) In case of the SD NC effect, such U-shaped strain
characteristics can be observed in the entire FE layer. (b) For the MD NC
effect, the strain in the domains will follow the different branches of the but-
terfly curve and the DW will follow the U-shaped curve.

[Fig. 10(c)]. On the other hand, if the FE layer is in MD state, then
the strain characteristic of the +P and —P domains will follow the
two different branches of the butterfly curve as shown in Fig. 10(d).
However, in the MD state, the local P=0 can be stabilized at the
soft-DW and therefore, the U shape strain characteristics can only be
observed at the DW [Fig. 10(d)]. Therefore, depending on whether
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the U-shaped strain characteristics are observed throughout or only
in a portion of the FE layer in the MFIM stack such an experiment
can potentially reveal the true nature of the NC effect.

VIl. MATERIAL PERSPECTIVE OF THE QUASI-STATIC
NC EFFECT

As we have discussed that the stabilization of the NC effect in
FE is strongly correlated to its elastic properties, therefore, it will be
important to analyze this aspect from the perspective of different
types of FE materials (i.e., perovskites and fluorite). The elastic cou-
pling between neighboring unit cells can be determined from the
dispersion of the polar phonon bands. For PbTiO;, the curvature
of these polar phonon bands is quite significant, which suggests a
strong elastic coupling among the neighboring unit cells. Such
strong elastic coupling further implies a high gradient energy coef-
ficient (g) and thus the DW energy should be significantly large.
This holds true for almost all the perovskite FE (i.e., PZT, BFO,
etc.). Recall that the high DW energy is favorable for obtaining a
non-hysteretic NC effect. Therefore, perovskite FE materials may
be suitable for obtaining hysteresis free NC effects (either MD-NC
with soft-DW or SD-NC).

In contrast, Lee et al. show that the polar phonon dispersion
in fluorite FE (ie., doped HfO,) is significantly small.”” Such a
flat phonon band indicates a very low elastic interaction between
fluorite unit cells. This is because of the presence of non-polar
half-cell between the consecutive polar half-cells. As a result, the
gradient coefficient (g) in the fluorite FE is expected to be very
low so that the DW energy is negligible. For orthorhombic HfO,,
it was shown that the DW energy is eventually negative,”” which
implies an anti-parallel configuration with 180° DW is more
stable compared to a parallel configuration. Where this negative
DW energy originates because of the (i) energy lowering due to
the local compensation of P induced bound charge and (ii) insig-
nificant DW energy. Considering this negligible DW energy, the
MD formation in FE HfO, is expected to be more prominent (for
suppressing the depolarization field in an FE-DE stack) and even
an MD state with the domain-width of a unit cell is not unlikely.
Similarly, due to this negligible DW energy, achieving soft-DW as
well as SD state in FE HfO, is not very trivial. Therefore, for hys-
teresis free NC operation in FE HfQ,, aggressive scaling of the FE
thickness is essential. For example, it has been speculated that the
MD-NC with soft-DW can be achieved in Zr doped HfO, below
the physical thickness of 1.5 nm.”™

In short, the perovskite FE materials are more likely to
provide quasi-static and hysteresis-free NC effect compared to
the fluorite FE materials (i.e., doped HfO,). On the other hand,
from the perspective of CMOS process compatibility, the fluorite
FE is a better choice compared to the perovskite FE. Therefore,
material level optimizations, possibly by strain engineering and
appropriate dopant selection, are required to harness hysteresis
free NC effect in the fluorite FE family. At the same time, explo-
ration of other FE materials (i.e., multi-ferroics, 2D ferroelectrics)
featuring high elastic coupling as well as CMOS compatibility
can lead to new opportunities for the future possibilities of the
FE NC effects in integrated electronic devices.
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VII. IMPLICATION OF DIFFERENT NC MECHANISMS IN
FEFETs

While in this article, we mainly focus on NC phenomena in
MFIM stack, evaluating its implication in the gate stack of FEFET's
requires a similar analysis for a metal-ferroelectric-insulator-semi-
conductor (MFIS) stack. Such an analysis has been conducted in
Ref. 27 by considering MD NC with soft-DW. It has been shown
that similar to the MFIM stack, the MD NC effect leads to charge
and capacitance enhancement as well as internal voltage amplifica-
tion in the MFIS stack.” However, in the MD scenario, the non-
homogeneous internal potential leads to a significantly non-
homogeneous potential profile at the semiconductor surface, which
is quite distinctive compared to the SD NC effect. A quantitative
analysis on the implication of such potential non-homogeneity in
the electronic transport of FEFET has not yet been investigated.
Nevertheless, to complete the discussion on NC attributes, next, we
provide a qualitative perspective on the implication of different
mechanisms of NC effect on the FEFET characteristics.

In conventional metal-oxide-semiconductor FET [MOSFET as
shown in Fig. 11(a)-11(b)], only a fractional change in applied gate
voltage (Vgs) appears as the change in semiconductor surface
potential () due to a voltage drop across the positive gate dielectric
capacitance and therefore, d¥/dVgs< 1. Consequently, in the drain
current (Ip) vs gate voltage (Vi) characteristics of MOSFET, the
attainable sub-threshold swing [SS=dVgs/dlogio(Ip)] is always
higher than 60 mV/decade at room temperature (300 K). However,
we discussed that the FE layer in the gate stack of FEFET
[Fig. 11(c)] can act as an effective negative capacitor under certain
conditions. Such negative capacitance effects can provide differential
amplification of the interface potential (d¥/dV s> 1), which can
potentially lead to steep-slope behavior (8§ < 60 mV/decade) in the
In-Vgs characteristics of FEFET,"'"" as predicted by the SD NC
effect or as expected from the MD soft-DW induced NC effect™””
[see Fig. 11(d)]. In addition to the steep-slope characteristics,
FEFET also exhibits several unique features directly correlated with
the NC phenomena in FE. One of such features is negative output
conductance (NOC) which is also known as negative differential
resistance (NDR) observed in the I;,- V¢ characteristics of FEFETs
in their ON state.” While in conventional MOSFETS, the output
conductance is positive, FEFETs can exhibit negative output con-
ductance due to the effective NC effect of the FE layer in the gate
stack. A similar effect is negative drain-induced barrier lowering
(N-DIBL)," which is associated with the drain voltage-dependence
of NC effect in the OFF state of the FEFET. To explain these Vpg
dependent effects, let us first explain the impact of Vi, on I, An
increase in Vpg leads to two primary effects: (i) it increases the
lateral electric field in the semiconductor channel which tends to
increase the I and (ii) it alters the source barrier and the electric
fields in the gate oxide. The latter effect can also be thought of as
capacitive coupling between the drain and gate oxide capacitances.
In the case of conventional MOSFETs, the gate oxide capacitance is
positive and hence, the increase in Vpg leads to an increase in
surface potential. In the typical Ij,-V¢ characteristics, the former
effect leads to a linear increase in I, that saturates at a certain Vpg
However, the saturation current (I, s4r) keeps increasing due to the
latter effect as the surface potential increases with the increase in
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Vps. Therefore, the output conductance (gps= dIp sar/dVps) of con-
ventional MOSFET is always a positive quantity. However, in
FEFET, if the FE layer acts as an effective negative capacitor, then
the increase in Vps can potentially lead to a decrease in average
potential at the interface of the ferroelectric and dielectric in the
gate stack (Vpyr). This is because as Vpg increases, the drain capaci-
tance tends to reduce the electric displacement in the dielectric and
the ferroelectric layers. (Note, this effect, in general, is more on the
drain side, but also penetrates on the source side due to electrostatic
coupling and domain interactions, as discussed later.) In response
to the decrease in electric displacement, the electric fields in the FE
must increase since the FE capacitance is negative. For a fixed gate
voltage, this is possible when Vi reduces. To sum up, if Cpe<0,
increase in Vpg can have two opposing effect of I, due to increase
in lateral electric field (which tends to increase Ipp) and Vinr reduc-
tion (which tends to reduce Ip). Therefore, the Ip-Vps curve of
FEFET can exhibit a region where I, decreases with the increase in
Vps when Viyp reduction dominates. This occurs when Vi is suffi-
ciently high that the effect of the lateral electric field diminishes.
This reduction in I with Vpg yields negative output conductance
(NOC) or negative differential resistance (NDR)'*"* in the output
characteristics of FEFETs [see Fig. 11(e)]. Similarly, when the
FEFET is OFF, similar effect occurs, which leads to negative DIBL
(N-DIBL)' ™ as shown in Fig. 11(e). In other words, when Vpgs
increases, the drain electric field lines reduce the polarization and
electric displacement in the FE layer. This reduces Vpyr and pulls
up the source barrier leading to N-DIBL. While the above descrip-
tion provides a macroscopic understanding of the NC phenomena
responsible for reduced SS, NOC (or NDR) and N-DIBL in
FEFETS, the microscopic nature of the NC effect plays an important
role and is thus required to be understood properly.

Recall our earlier discussion that the nature of the NC effect
in FE depends on the value of its gradient energy coefficient, g.
Also, for certain FE thickness, there exists a lower limit for g above
which the FE layer can potentially exhibit SD NC effect. Note that
the SD NC effect in MFIM/MFIS stack implies a homogeneous
polarization profile along the lateral dimensions. However, the non-
homogeneous potential distribution in the FE layer of the FEFETs
(due to the source and drain regions) leads to a non-uniform
electric-field in the FE layer along the gate length direction.'” This
leads to a mild non-homogeneity in polarization, even in the SD
NC regime with finite g. Considering such polarization non-
homogeneity in the SD NC regime, it has been shown that the NC
attributes of FEFET enhance with the increase in g. In other words,
the NC related FEFET properties, i.e., reduction in SS, N-DIBL and
NOC are maximum when g =00 (homogeneous polarization
profile) and decreases with the decrease in g. This suggests that the
domain interactions in the FE layer play a key role in transmitting
the effect of Vg from the part of the FE layer in proximity to the
drain to that closer to the source. As a result, larger domain cou-
pling (g) in FE offers lower SS, higher N-DIBL and higher NOC in
FEFET characteristics."®

Now, recall that if g is lower than a critical value, then the for-
mation of the MD state takes place in the FE layer. In such a sce-
nario, depending on the value of g, the nature of the FE DW can
be either soft or hard (as discussed earlier). Similar to the SD NC
effect, the MD NC effect with soft DW should also provide
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FIG. 11. Physical structures of (a) conventional MOSFET, (b) MOSFET with high-k gate oxide (ie. HfO,), and (c) Femoelectric FET (FEFET). (d)~(f) FEFET characteristics
with the FE layer exhibiting SD NC effect or MD NC effect with sofi-DW displacement signifying (d) steep-slope (SS <60 mV/decade), (e) negafive oufput conductance
(NOC), and (f) negative-DIBL characteristics. In this case, the device operation in non-hysteretic. (g)~(h) FEFET characteristics with the FE layer exhibiting MD NC effect
with hard-DW displacement signifying (g) hysteretic /,~Vss and (n) hysteretic [,-Vps characteristcs. (i) In the MD FE with hard-DW, if the applied Vs is not suffcient o
cause polarization switching (.., DW displacement), then hysteresis free I-Vs characteristics can be obtained exhibiting enhanced permitivity or high-k operation in

FEFET with HZO as gate oxide (compared to the HfO, based high-k MOSFET).
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SS < 60 mV/decade, negative-DIBL and NOC in FEFET characteris-
tics. However, such attributes are expected to be less prominent for
MD NC compared to the SD NC due to the reduced NC effect in
the former case.”” Furthermore, considering the correlation
between the MD NC effect with soft-DW and g (MD NC effect
decreases with the decrease in g), it can also be expected that the
reduction in S5, negative-DIBL and NOC should decrease with the
decrease in g Note that, both of the SD NC effect and MD NC
effect with soft-DW are non-hysteretic and hence, the SS, DIBL
and output-conductance characteristics of FEFET should be hys-
teresis free with respect to the Vg and Vg sweep directions. It is
noteworthy that the FEFETs featuring non-hysteretic steep-slope
behavior are also familiar as negative capacitance FET (NCFET)
and are suitable candidate for low power logic devices due to the
possibilities of aggressive voltage scaling without sacrificing the
drive current.

However, if the FE layer is in MD state with hard DW (low g),
then the process of polarization switching (i.e, DW displacement) is
non-adiabatic, leading to hysteretic NC effect. Hence, SS<60mV/
decade can be observed but exhibits hysteresis in the SS vs Vs char-
acteristics. Due to the presence of hysteresis in the Ip-Vgs char-
acteristics, such devices are suitable candidates for non-volatile
memory operations™* [Fig. 11(g)]. In addition, by modulating the
amplitude of applied Vg, different extent of partial polarization
switching in FE can be obtained yielding different I, at the same
static bias conditions in FEFET. Based on this working principle,
hysteretic FEFETs with MD FE have been investigated as the
potential candidate as multi-level synapses for neuromorphic
hardware.”” Now, let us discuss the implication of hard-DW dis-
placement in the Ip-Vps characteristics. For a certain Vg, if the
drain voltage Vpg increases beyond a critical point (typically
Vbs> Vgs), then partial polarization switching (+P to — P) takes
place near the drain side of the FE layer. This leads to a decrease
in channel potential and hence, an increase in barrier height for
electron transport near the drain side of the channel, which
decreases the drain current. Therefore, a decreasing Ip with
increasing Vpg (or NOC) can be observed in FEFET during the
forward Vg sweep given that the maximum Vpyg is sufficient to
cause the polarization switching in the FE layer [Fig. 11(h)].
However, during the reverse Vps sweep (when Vpg returns to
0V), the polarization configuration of the FE layer is retained
(due to the hard nature of the DW). As a result, Ip-Vpg charac-
teristics follow a different reverse path compared to its forward
path. Moreover, due to the absence of polarization switching,
NOC would not be observed in reverse Vpg sweep [Fig. 11(h)].
Congisely, in FEFET exhibiting hard-DW displacement, the Ip-Vps
characteristics are hysteretic and the NOC should typically be
observed only in the forward Vpg sweep as shown in earlier works
both theoretically”* and experimentally.”” Note that, the NOC mecha-
nism for MD NC with hard-DW displacement (due to polarization
switching induced drain side barrier enhancement) is quite distinct
compared to the NOC mechanism we discussed for SD NC scenario
where the effect of drain side polarization change influences the
source side polarization due to finite domain-coupling and thus,
modulates the energy barrier near the source side of the channel.

In the above discussion of FEFET employing MD FE with
hard-DW, we assume that the applied Vs and Vpg is sufficient to
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cause hard-DW displacement and that further yields the negative
effective permittivity of the FE layer. However, if the applied Vg
and Vpg are not sufficient to cause the DW displacement, then the
device characteristics should be hysteresis free. Furthermore, in the
absence of DW displacement, the effective permittivity of the MD
FE with dense domain patterns is positive but is higher than its
intrinsic value™ (discussed in Sec. V). Consequently, the FEEET
with MD FE in the absence of DW displacement should display all
the attributes of a FET with a high-k gate dielectric. That implies
FEFET with HZO as FE layer with a thickness that corresponds to
MD state with hard-DW should exhibit reduced SS (but still
greater than 60 mV/decade) and reduced short channel effect
(lower output conductance and lower DIBL) compared to a FET in
which the FE layer is replaced with HfO, layer having same physi-
cal thickness [see Fig. 11(i)]. Such a device is also suitable for low
power logic devices as discussed in Ref. 28.

To complete the discussion, recall that g in perovskite materials
is expected to be sufficiently large for obtaining hysteresis free NC
and hence, FEFETs employing perovskite FE with a properly opti-
mized thickness are more likely (compared to fluorite FE) to exhibit
non-hysteretic steep-slope, NOC, and N-DIBL characteristics.

VIl. SUMMARY

We discussed the possible mechanisms of the origin of nega-
tive capacitance behavior of ferroelectric materials in MFIM hetero-
structures based on the Landau-Ginzburg-Devonshire formalism.
By discussing the implication of elastic coupling between ferro-
electric unit cells, we examined the implication of the negative
capacitance effect in the single-domain and multi-domain sce-
narios. While single-domain NC or intrinsic NC effect may take
place for significantly large gradient energy coefficient, the multi-
domain NC effect is more probable for the realistic values of gra-
dient coefficient, especially for fluorite structures. In MD FE,
even though the nature of the NC effect can be quasi-static, the
presence of hysteresis further depends on the nature of DW. The
MD NC effect due to hard-DW displacement exhibits hysteretic
characteristics, while for soft-DW displacement, a hysteresis-free
NC effect can be obtained. Moreover, we discussed different fea-
tures of the MD NC effect, in particular, the dependency of the
effective negative permittivity of the FE layer on its physical
thickness as well as the properties of the underlying dielectric
materials. Due to such dependency, the MD NC effect should not
be believed as an intrinsic effect, rather can be considered as an
effective phenomenon. Moreover, we discuss the possible mecha-
nism for obtaining the MD state with soft-DW by FE thickness
scaling. In addition, we emphasize that, under certain scenarios,
the effective permittivity of the FE layer may not be negative but
can exhibit a higher effective permittivity compared to its intrinsic
value. Such phenomena occur in the absence of DW displacement
in MD FE with hard-DW due to the electrostatic interaction
between domains. In addition, we review the relevant experimental
demonstration of the FE NC effect and discussed their correlation
with different types of NC mechanisms. Finally, we provide a brief
perspective on the perovskite and fluorite based FE materials from
the viewpoint of hysteresis free NC effects and their possible appli-
cations in electronic devices.
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